Cell-free extracts of the unicellular red alga Cyanidium caldarium catalyze the transformation of biliverdin to a product indistinguishable from phycocyanobilin, the free bilin derived from phycocyanin by methanolysis. Crude cell-free extract requires biliverdin as the only substrate, but after removal of low molecular weight components by gel filtration, the reaction shows an additional requirement for a reduced pyridine nucleotide. Boiled extract is enzymically inactive, activity is not sedimented by high-speed centrifugation, and mesobiliverdin cannot serve as a substrate.
Incubation of cell extracts with biliverdin yields two products with very similar spectrophotometric properties in acidic methanol, but which are separable by reverse-phase high pressure liquid chromatography. The same two products are formed by methanolysis of protein-bound phycocyanin chromophore, with the late-eluting one predominating. The two products derived from either phycocyanin methanolysis or cell extract incubation with biliverdin are partially interconvertible and they form the same ethylidine-free isomeric derivative, mesobiliverdin. Their absorption spectra correspond to those of the Z-and E-ethylidine isomers of phycocyanobilin. Based on previous work showing that the major methanolysis product has the E-ethylidine configuration, the other product of methanolysis and enzymic biliverdin transformation is therefore the Zethylidine isomer. The time course for formation of the two products during incubation suggests that the early-eluting product is the precursor of the late-eluting one. These results suggest that Z-ethylidine phycocyanobilin is the precursor of the E-ethylidine isomer, and that the latter may be a normal cellular precursor to protein-bound phycocyanin chromophore.
Chl accumulation in greening C. caldarium cells (1) . It was recently found that exogenous ["4C]biliverdin can serve as an in vivo precursor to phycocyanin chromophore formed by growing cells of C. caldarium (2) . The absence of label incorporation into cellular heme indicated that the route of incorporation of [14C] biliverdin into the phycobilin was direct, rather than through catabolism of the biliverdin and reutilization ofthe ['4C ] to form the phycobilin via heme.
Upon methanolytic cleavage of the chromophore from phycocyanin, an ethylidine group is formed on the free bilin where the thioether link is broken. There is a lack of uniformity of phycobilin nomenclature in the literature; we will refer to the protein-bound pigment as phycocyanin chromophore and use the term phycocyanobilin for the ethylidine-containing free bilin. The ethylidine double bond on phycocyanobilin is conjugated with the chromophoric double bond system, causing shifts in the visible absorption spectrum, compared to the protein-bound form (15) . However, when the tetrapyrrole precursor -aminolevulinic acid is administered to C. caldarium cells, phycocyanobilin that is spectrally and chromatographically identical to the methanolysis product accumulates in the culture medium (21) . This happens even in mutant cells that are incapable of forming phycocyanin and are thus devoid of protein-bound phycocyanin chromophore (22) . Therefore, it is possible that free phycocyanobilin may be a biosynthetic precursor to the proteinbound chromophore.
We report here that when incubated with biliverdin, cell-free extracts of C. caldarium form two reverse-phase HPLC-separable products that are identical to two bilins derived from phycocyanin by methanolysis. The two products are partially interconvertible, they form the same ethylidine-free isomeric derivative, mesobiliverdin, and their visible absorption spectra indicate that they are the E-and Z-ethylidine isomers of phycocyanobilin.
Phycobiliproteins are the major light-harvesting pigments of bluegreen, red, and cryptomonad algae. These pigments are composed of phycobilin chromophores covalently attached to apoproteins via cysteine thioether linkage (6, 7; Fig. 1 CODO   COOK   COCK   CH2   %A2  %02   CH2   CH3  CH2  CH2  CH3   CH3  %m2   %02 0H3   CH3 CH   CH3 CH2   CH2 CH3   H3 CH  3 H-C   CH3 CH2  CH2 CH3   H3H2   CH3H-C-OCH3   H3 CH2   CH2 CH3 I3 2 CH3 m2 CH3 r2 Half-Mesobiliverdin traction of free pigments, the cells were washed with three 1 5-ml portions of water, and suspended in 10 ml of 1% (w/v) TCA for 1 h in the dark (6, 21) . Next, the cells were washed with three 10-ml portions of methanol, and then suspended in 10 ml of methanol containing 10 mM HgCl2 (7) and the flow rate was 4 ml/ min. When higher resolution was required, e.g. for separation of mesobiliverdin from phycocyanobilins for comparative spectrophotometry, the solvent ratio was adjusted to (94:1:5, v/v/v) and the flow rate was 3 ml/min. Bilins were dissolved in HPLC solvent before injection. Injection volume was 1.0 ml or less. Absorbance was monitored at 373 nm. Fractions were collected for later quantitative spectrophotometry. For analysis of radioactivity, after spectrophotometric measurement, fractions were transferred to scintillation vials, solvent was evaporated at 60C, and 5 ml of dioxane-naphthalene based scintillation fluid was added.
Because of aging of the HPLC column and minor variations in solvent purity, elution times can vary from one day to another. For this reason, in all comparative HPLC, identity of elution behavior was confirmed by injecting samples containing mixtures of the two components suspected of being identical and observing the appearance of a single peak that was not broader than the peaks produced by the separately injected components.
Quantitation of Bilins. HPLC-purified bilins were quantitated spectrophotometrically in 36% (w/v) aqueous HCI:methanol (6) to be 47,900 M-I at 374 nm and 37,900 M-' at 690 nm. This pigment was derived from phycocyanin by methanolysis and was determined to consist mainly of the E-ethylidine isomer (6) . The absorption coefficients for Z-ethylidine phycocyanobilin dimethyl ester in HCl:methanol (1:50, w/v) were reported by Weller and Gossauer (24) to be 46,800 M-' at 368 nm and 37,150 M-' at 685 nm.
Preparation of Cell Extracts. Cells were harvested by centrifugation, washed twice with deionized H20, and resuspended in a solution consisting of 50 mM Hepes, I mM MgCI2, and 0.5 mM EDTA, with pH adjusted to 7.0 with NaOH. Cells were broken by passage through a French pressure cell at 5000 p.s.i. Unbroken cells and debris were removed by centrifugation at 1750g for 2 min, and the supernatant was used for incubations directly or after purification by gel filtration. In some experiments, crude cell extract was freed of particulate materials by centrifugation for 1 h at 264,000g in a Beckman L2-65B centrifuge equipped with a 50.2 Ti rotor.
For partial purification by removal of low mol wt components, crude cell extract was applied to a 15-cm-long, 2.5-cm-diameter column of Sephadex G-25 that was preequilibrated with the solution used for breaking the cells. The column was eluted at 4 ml/min with more of the same solution and the fraction corresponding to the void volume containing the proteins was collected for incubation.
Incubation Conditions. Aliquots of either crude or partially purified cell extract were incubated at 42°C for 30 min in a solution consisting of the ingredients of the cell extraction medium plus 10 M biliverdin and 1.2 mM NADPH. The biliverdin was added as a concentrated solution dissolved in dimethyl sulfoxide; the final dimethyl sulfoxide concentration was 0.2% (v/v). The final incubation volume of 10 ml contained between 25 and 100 mg of protein. Various modifications to this solution are described in "Results." In some experiments where indicated, cell extract was preincubated for 30 min at 42°C before addition of substrates. The incubations were stopped by the addition of TCA to 0.6% (w/v), and the bilins were extracted with 10 ml of chloroform: 1 -butanol (2:1, v/v). The organic phase was washed, diluted, applied to a column of DEAE-Sepharose, and the bilins eluted as described above.
One nmol quantities of standard bilins were recovered from the incubation medium in 70% yield, and 10 nmol quantities were recovered in yields above 90%.
Other Procedures. Protein quantitation was by the dye-binding method of Bradford (4) The products were purified and 1-min (4 ml) fractions of reversephase HPLC eluate were collected for determination of radioactivity. Peaks of radioactivity coincided with the elution of biliverdin and the two products seen in other incubations and methanolysis (Fig. 2) . The two products were identical to those obtained by methanolysis after administration of ['4C]biliverdin to intact growing cells (2) . In this HPLC system, biliverdin and the two product pigments eluted at 14 min, 18 min, and 25 min, respectively. The nonradioactive peaks at 36 and 47 min were due to protoheme and heme a, respectively (23) , which were derived from hemoproteins present in the crude cell extract.
Characterization of Reaction Products. Reverse-phase HPLC of pigments isolated from cells by methanolysis revealed the presence of two component peaks which, in this HPLC system, eluted at 13 and 17.5 min (Fig. 3) . The peaks had very similar, but measurably different, absorption spectra in 36% (w/v) aqueous HCl:methanol (1:19, v/v) , with red absorption maxima at 686 and 689 nm, and blue absorption maxima at 369 and 374 nm, for the early-and late-eluting components, respectively (Table I ; Fig. 4 ). The absorption maxima for the late-eluting peak correspond almost exactly to the reported values of 690 (24) .
Pigments derived from incubations also contained components with HPLC elution times (Fig. 3 ) and absorption spectra ( heated with glacial acetic acid:methanol (1:400, v/v) for 2 h at 60'C, it was partially converted into a mixture of the two pigments (Fig. 5) . Conversion ofthe early-eluting pigment to the late-eluting one was greater than the reverse conversion. During the hot acetic acid:methanol treatment of either pigment, a third pigment was formed. This pigment eluted at 10.0 min (Fig 5) and had absorption maxima at 360 and 686 nm in HCI:methanol. Neither of the two products derived from phycocyanin methanolysis or biliverdin incubation with cell extract, nor the third pigment formed during heating of the others in acetic acid:methanol, appears to be the methanol adduct of phycocyanobilin, the dimethyl ester of which was reported to have absorption maxima at 350 and 650 nm in HCI:methanol (1I:20, w/v) (20) .
Treatment of any of the incubation-derived or methanolysisderived pigments with KOH:methanol (1:20, w/v) for 15 min at 60°C caused conversion to a product that had an HPLC elution time of 12.4 min (Fig. 6) and absorption maxima at 682 and 359 nm (Fig. 7) . These values were identical to those of synthetic mesobiliverdin. In addition, another pigment was formed during the KOH:methanol treatment. This pigment had an HPLC elution time and absorption spectrum identical to those of the extra pigment generated during heating in acetic acid:methanol. During the brief KOH:methanol treatment, there was no appar- (Table II) . NADPH was stimulatory but not essential, 1.8 mM NADH could be substituted for NADPH, and 1.4 mM ATP did not stimulate the reaction with either NADH or NADPH as cosubstrate. Nonincubated (zero time) samples yielded no product even in complete medium. If the cell extract was preincubated for 30 min at 42°C before addition of substrates, the yield of products was increased. Cell extract that had been heated for 15 min at 100°C yielded the same small amounts of products whether or not subsequent incubation was carried out. These products were probably a result of heat-induced hydrolytic removal of bilin from phycocyanin that was present in the extract. The heated extract was devoid of biliverdin-transforming activity. It was also observed that the loss of biliverdin from the incubation mixtures was greater than could be accounted for by the formation of the two products (data not shown). Optimum incubation pH, temperature, and substrate concentrations were not systematically determined, but the values chosen resulted in higher product yields than others tested.
The amounts of products formed during the incubation were not directly proportional to the amount of cell extract present. Rather, there was a complex relationship (Fig. 8) . At low concentrations of cell extract very little of the late-eluting product appeared compared to the amount of the early-eluting product that was formed; at higher concentrations of extract, progressively more of both products was formed; and at still higher cell extract concentrations, only the late-eluting product was formed in increasing amount. No products were detected at zero extract concentration.
Crude cell extract was centrifuged for I h at 264,000g, and the pellet was resuspended in a volume of medium equal to that of the decanted supernatant. Activity was measured in incubations containing equivalent volumes of supernatant, pellet, and uncentrifuged extract fractions. Most of the activity was recovered in the supernatant fraction, and the small amount of activity present in the unwashed pellet fraction was possibly caused by associated supematant material (Table III) . Significantly less activity was found in the whole extract compared to the supernatant, indicating the presence of some inhibitory factor that was removed by centrifugation.
Formation of the two products followed different time courses (Fig. 9) . The early-eluting product accumulated relatively rapidly after the incubation began, and its rate of accumulation fell at later times, whereas the late-eluting product began to accumulate only after a lag period, and its rate of accumulation remained high at the longer incubation times.
Requirements for Phycocyanobilin Formation in Partially Purified Preparations. Crude cell extract was freed of low mol wt cellular components by gel filtration through Sephadex G-25. The eluate was incubated for 30 min at 42C. Formation of product showed an absolute requirement for a reduced pyridine nucleotide (Table IV) . NADPH (1.2 mM) was more effective than 1.8 mm NADH, and 1.4 mM ATP could not substitute. ATP (1.4 mM) was not required for catalysis, and, in fact, it appeared to be somewhat inhibitory. As in the case with crude extract, preincubation for 30 min at 42°C increased the yield of products. When mesobiliverdin was substituted for biliverdin, formation of neither product was observed (data not shown).
DISCUSSION
Previous studies (2) have shown that biliverdin could serve as an exogenous precursor of phycocyanobilin derived from cellular phycocyanin by methanolysis. Also, biliverdin was identified among the pigments excreted into the culture medium when the tetrapyrrole precursor 6-aminolevulinic acid was administered to C. caldarium cells (I 1). However, it could not be determined whether the excreted biliverdin was a precursor to phycocyanin chromophore, or if it represented catabolism of excess heme that might have been made in the presence of the exogenousaminolevulinic acid. Previous attempts at detection of in vitro phycocyanobilin formation have apparently been unsuccessful (16, 17) .
The enzymic nature of the transformation was established by the lack ofactivity in cell extracts that were denatured by boiling, the absence of product in samples that were incubated for zero time or without added cell homogenate, and the absence of product formation when mesobiliverdin was substituted for biliverdin. The precursor role of biliverdin was established by its requirement for product formation in both crude and partially purified enzyme preparations, and by the formation of labeled product when ['4C]biliverdin was included in the incubation mixture. A requirement for a reduced pyridine nucleotide was demonstrated in cell extracts after removal of small molecules by gel filtration, but crude homogenates apparently contained sufficient reductant to carry out the transformation without added pyridine nucleotide. Transformation of biliverdin to phycocyanobilin is catalyzed by soluble enzymes which could not be sedimented by high-speed centrifugation. Product formation was enhanced by preincubation of the cell extract without substrates present. Activity enhancement by preincubation was previously reported in unpurified preparations of biliverdin reductase, another enzyme having biliverdin and NADPH as substrates ( 19) , and might be caused by inactivation of other enzymes that compete for the substrates or degrade the products.
When the phycocyanin chromophore is freed by methanolysis, an ethylidine group is introduced where the bilin had been attached to the apoprotein via an a-thioether link to cysteine. The ethylidine is conjugated to the bilin double bond system and causes shifts in the visible absorption spectrum, relative to the protein-bound bilin (15) . The ethylidine group can assume two possible configurations (Fig. 1) . Previous work has established that the major phycocyanin methanolysis product is of the E configuration (6, 9, 10, 18, 24) . The less stable Z-ethylidine isomer was reported to be generated from the E isomer by photoisomerization (24) . The E-and Z-ethylidine phycocyanobilin isomers were the major and minor products, respectively, of phycocyanin chromophore cleavage by HBr in TFA (18) . The methanolysis product also consists of two closely related bilins with identical mass (8) . The two bilins were separable by reversephase HPLC, and were partially interconvertable upon heating in 14% (w/v) BF3 in methanol (8) (20) . It is possible the product is the methanol adduct of mesobiliverdin, which has the required degree of conjugation. This compound was previously reported to be formed by dehydrogenation of the methanol adduct of phycocyanobilin (3) .
Because the two products derived from biliverdin incubation or phycocyanin methanolysis are partially interconvertible by heating in acetic acid:methanol, they appear to be isomeric. Becuase they form the same ethylidine-free isomeric derivative mesobiliverdin, it is suggested that their difference probably resides in the configuration about the ethylidine group. The major product derived from methanolysis, which is the lateeluting component in reverse-phase HPLC, was previously determined to be the E-ethylidine isomer (6, 9, 10, 18) . The earlyeluting product derived from in vitro enzymic transformation of biliverdin would therefore be the Z-ethylidine isomer. The peak absorption wavelengths for the early-eluting product in HCl:methanol are very close to those reported for the Z-ethylidine isomer of phycocyanobilin dimethyl ester (24) . Further support for the identification of the early-and late-eluting products as the Z-and E-ethylidine phycocyanobilin isomers, respectively, is that the degree and direction of the peak absorbance wavelength differences are very similar to those reported for the corresponding isomers ofthe dimethyl esters offree phytochrome chromophore, phytochromobilin (24) . The E isomer was reported to be thermodynamicallly more stable than the Z isomer (24) (8, 18) . Our methanolysis was carried out at a lower temperature (42°C), which might preserve more ofthe early-eluting phycocyanobilin. Further characterization of the two products is in progress.
Although it could not be directly established whether one product is the enzymic precursor of the other, the time course for accumulation of the two products during incubations is consistent with the hypothesis that the early-eluting product is the precursor of the late-eluting one. Also supporting the intermediary role of the early-eluting product is its relatively greater rate of accumulation, compared to that of the late-eluting product, at low concentrations of cell extract, and the leveling off of its accumulation while progressively more of the late-eluting product appears at higher cell extract concentrations. It is possible that at lower cell extract concentmtions insufficient amounts of the early-eluting product are made to saturate an enzyme catalyzing its transformation to the late-eluting product.
Free phycocyanobilin contains four more hydrogen atoms than biliverdin (Fig. 1) . Reduced pyridine nucleotides catalyze two-electron reductions. Because the transformation ofbiliverdin to phycocyanobilin is a pyridine nucleotide-requiring enzymic process, it would be expected to proceed in two steps, with the generation of a partially reduced intermediate. We have not yet characterized partially reduced intermediates in the in vitro transformation of biliverdin to phycocyanobilin, but two possible reduction sequences are possible. The first step might be a vinylto-ethyl reduction yielding half-mesobiliverdin. Alternatively, the first step might be a reduction at the opposite end ofthe molecule to form the reduced pyrrole ring. The latter possibility is particularly interesting because the species so formed is the free bilin analog of the phytochrome chromophore, phytochromobilin (24) . Although there is presently no direct information on the biosynthesis of the phytochrome chromophore, it can be proposed that synthesis proceeds by a two-electron reduction of biliverdin to form phytochromobilin, followed by conjugation to the apoprotein moiety by a process analogous to the attachment to apophycocyanin of the precursor derived from biliverdin reduction in extracts of C. caldarium.
Although mesobiliverdin is isomeric with phycocyanobilin, its participation as an intermediate in the conversion of biliverdin to phycocyanobilin appears to be ruled out by its inactivity as an in vitro substrate for phycocyanobilin formation.
The results indicate that ethylidine-containing phycocyanobilin is enzymically derived from biliverdin, and support the hypothesis that phycocyanobilin is a precursor to protein-bound phycocyanin chromophore. Ifthis is the case, it will be interesting to determine the specific ethylidine configurational requirement of-the process that joins the bilin to the apoprotein. Alternatively, it is possible that the products isolated from incubation of cell extract with biliverdin are the result of decomposition of some other, more reactive bilin, which may be the actual precursor to the protein-bound form. An attractive candidate is a bilin with a vinyl substituent on the reduced pyrrole ring. Resolution of this problem may have to await the attainment of in vitro preparations capable of linking bilin to apophycocyanin.
